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We  describe  the  use  of  self-assembled  films  of  thiolated  (dT)2s  single-stranded  DNA  (ssDNA)  on  gold 
as  a  model  system  for  quantitative  characterization  of  DNA  films  by  X-ray  photoelectron  spectroscopy 
(XPS).  We  evaluate  the  applicability  of  a  uniform  and  homogeneous  overlayer-substrate  model  for  data 
analysis,  examine  model  parameters  used  to  describe  DNA  films  (e.g.,  density  and  electron  attenuation 
length),  and  validate  the  results.  The  model  is  used  to  obtain  quantitative  composition  and  coverage 
information  as  a  function  of  immobilization  time.  Wefind  that  when  the  electron  attenuation  effects  are 
properly  includedintheX  PS  data  analysis,  excellent  agreement  is  obtained  with  Fourier  transform  infrared 
(FTI R)  measurements  for  relative  values  of  the  DNA  coverage,  and  the  calculated  absolute  coverage  is 
consistent  with  a  previous  radiolabeling  study.  Based  on  the  effectiveness  of  the  analysis  procedure  for 
model  (dT)25  ssDNA  films,  it  should  be  generally  valid  for  direct  quantitative  comparison  of  DNA  films 
prepared  under  widely  varying  conditions. 


Introduction 

Filmsof  single-stranded  DNA  (ssDNA)  immobilized  on 
surfaces  form  the  basis  of  a  number  of  important  bio¬ 
technology  applications,  including  DNA  microarrays1-3 
and  biosensors.1'4-6  Relatively  little  quantitative  informa¬ 
tion  is  available,  however,  about  the  molecular  mecha¬ 
nisms  of  the  immobilization  processes  and  the  corre¬ 
sponding  DNA  film  structures.4  In  particular,  accurate 
measurement  of  thesurface coverage,  a  parameter  crucial 
for  determination  of  efficiencies  of  immobilization  and 
hybridization  protocols,  is  notoriously  difficult.5'7'8  This 
challenge  offsets  the  otherwise  excellent  sensitivity  of 
traditional  bioanalytical  techniques  such  as  fluorescent 
labeling3  and  newer  methods  based  on  electrochemical 
labels.9  Although  absolutequantifi cation  is  possiblewith 
radiolabeling,10  its  current  use  is  discouraged  because  of 
health  safety  and  hazardous  wastedisposal  issues.  Label¬ 
less  film  characterization  methods  such  as  ellipsometry 
and  surface  plasmon  resonance2'7'1112  provide  real-time, 
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i  n  si  tu  resul  ts,  but  possi  bl  econtri  buti  ons  f  rom  nonspecif  i  c 
adsorption  complicatethedata  interpretation.  Therefore, 
label-less  methods  that  provide  quantitative  and  chemi¬ 
cally  sped f  i  c  i  nformat i  on  about  the  D  N  A  f  i  I  ms  cou I  d  prove 
very  useful.7'8  Fortunately,  traditional  surface  analysis 
spectroscopy  methods,  such  as  X-ray  photoelectron  spec¬ 
troscopy  (XPS),  have  been  developed  to  provide  exactly 
this  type  of  information.  And  because  DNA  films  in  most 
current  appl  ications  are  <  10  nm  thick,  XPS  can  be  readily 
employed tocomplementtraditional  biochemical  analysis 
for  these  samples.41314 

In  this  study,  we  describe  how  XPS  can  be  used  for 
quantitative  characterization  of  thiolated  ssDNA  on  gold 
substrates  and  show  that  immobilized  thymidine  homo¬ 
oligonucleotides  [(dT)25-SH  ]  form  an  excel  lent  model  fi  Im 
for  surface  characterization.  Chemisorption  on  gold  sur¬ 
faces  via  a  thiol  functional  group  is  a  common  approach 
for  aqueous  DN  A  i  mmobi  I  ization.5'15Theformation  of  the 
ssD  N  A  monol  ayer  i  n  th  i  s  case  i  s  thought  to  resembl  e  sel  f- 
assembly  of  alkanethiols,  and  the  latter  process  has  been 
extensi  vel y  stud i ed16  by  many  su rface sci ence techn i ques, 
including  XPS.17-23  In  addition  to  the  convenient  im- 


(11)  Peterlinz,  K.  A.;  Georgiadis,  R.  M.;  Heme,  T.  M Tarlov,  M .  J  . 
J  .  Am.  Chari.  Soc.  1997,  119,  3401-3402. 

(12)  Georgiadis,  R.;  Peterlinz,  K.  P.;  Peterson,  A.  \N.J  .  Am.  Chem. 
Soc.  2000,  122,  3166-3173. 

(13)  Castner,  D.  G.;  Ratner,  B.  D.  Surf.  Sci.  2002,  500,  28-60. 

(14)  Fulghum.J  .  E.J  .  Electron Spectrosc.  Relat.  Phenom.  1999, 100, 
331-355. 

(15)  H  erne,  T.  M.;  Tarlov,  M.J  .J  .Am.  Chem.  Soc.  1997, 119,  8916- 
8920. 

(16)  Schwartz,  D.  K.  Annu.  Res.  Phys.  Chan.  2001,  52,  107-137. 

(17)  Bain,  C.  D.;  Whitesides,  G.M.J  .  Phys.  Chem.  1989,  93, 1670- 
1673. 

(18)  Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.;Tao, Y.T.; Parikh, 
A.  N Nuzzo,  R.  G.J  .  Am.  Chem.  Soc.  1991,  113,  7152-  7167. 

(19)  Castner,  D.  G.;  Hinds,  K.;  Grainger,  D.  W.  Langmuir  1996, 12, 
5083-5086. 

(20)  Bensebaa,  F.;  Yu,  Z.;  Deslandes,  Y.;  Kruus,  E.;  Ellis, T.  H .  Surf. 
Sci.  1998,  405,  L472-L476. 

(21)  Rieley,  H .;  Kendall,  G.  K.;  Zemicael,  F .  W.;  Smith,  T,  L.;  Yang, 
S.  H.  Langmuir  1998,  14,  5147-5153. 

(22)  Buck  el,  F Effenberger,  F.;  Yan,  C.;  Golzhauser,  A.;  Grunze,  M . 
Adv.  Mater.  2000,  12,  901-905. 


10. 1021/1  a034944o  CCC:  $27.50  ©  2004  American  Chemical  Society 

Published  on  Web  12/11/2003 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

SEP  2003  2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2003  to  00-00-2003 

4.  TITLE  AND  SUBTITLE 

Quantitative  Characterization  of  DNA  Films  by  X-ray  Photoelectron 
Spectroscopy 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROTECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Research  Laboratory ,4555  Overlook  Avenue 

SW, Washington, DC, 20375 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBIECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF:  17.  LIMITATION  OF 

_ _ _  ABSTRACT 

18.  NUMBER  19a.  NAME  OF 

OF  PAGES  RESPONSIBLE  PERSON 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  Same  OS 

unclassified  unclassified  unclassified  Report  (SAR) 

12 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


430  Langmuir,  Vol.  20,  No.  2,  2004 


Petrovykh  et  al. 


Figurel.  Thechemical  structureofthyminedeoxyribonudeo- 
tide  (dT).  The  thymine  ring  includes  two  nitrogen  atoms  in 
similar  bonding  configurations  that  result  in  a  singleN  lsXPS 
core-level  peak.  The  two  carbonyl  groups  provide  a  unique 
signature  in  FTI R. 

mobilization  chemistry,  gold  surfaces  provideconductive 
substrates  and  a  number  of  intense substrateXPS  peaks 
throughout  a  wideenergy  rangethat  we  use  to  determine 
the  thickness  of  the  films  and  to  calibrate  the  binding 
energy  scale.  (dT)25-SH  has  been  selected  because  the 
chemical  structure  of  a  thymidine  nucleotide  (Figure  1) 
is  simpler  than  that  of  the  other  three  nucleotides.  In 
particular,  the  two  nitrogen  atoms  are  in  similar  environ¬ 
ments,  and  thus  comparable  chemical  shifts  and  a  simple 
N  Is  spectrum  are  expected  and  indeed  observed.  We  use 
the(dT)25-SH  films  to  establish  and  validate  a  method 
to  quantitatively  analyze  DNA  films  on  gold,  providing 
elemental  composition  data  along  with  both  relative  and 
abso/utevaluesof  thessDN  A  surfacecoverage(molecules 
per  unit  area). 

Materials  and  Methods 

Materials.  We  used  standard  5'  thiol-modified  poly(dT)25 
oligonucleotides  [3'-(dT)25-(CH2)6-SH-5',  from  hereon  abbrevi¬ 
ated  (dT)25-SH]  purchased  from  Research  Genetics.  Thiol ated 
probes  were  used  as-received,  without  removing  the  protective 
S-(CH2)6OH  group  from  the  5'  end.  K2HPC>4-3H20  (Sigma- 
Aldrich)  and  10  x  TE  (ResGen,  1  x  TE;  10  mM  T ris — H Cl ,  1  mM 
E  DTA )  were  used  to  prepare  buffer  sol  uti  ons  for  D  N  A . 24  K  2H  PO4- 
TE  buffer  consisted  of  a  1  M  solution  of  salt  and  1  x  TE  buffer 
and  was  adjusted  to  pH  7  by  adding  FI  Cl.  The  1/;M  DNAsolution 
for  i  mmobi  I  i  zati  on  exper  i  ments  was  typi  cal  I  y  prepared  by  mi  xi  ng 
25  /(L  of  200  n M  (dT)25-SH  with  5  mL  of  buffer.  The  DNA 
concentration  was  confirmed  by  UV  absorption  measurements. 

Preparation  of  ssDNA  Films.  Gold  films  on  single-crystal 
S i  ( 100)  wafers  were  used  as  su bst rates.  P  r  i  or  to  deposi  ti  on  of  th e 
films,  the  wafers  were  cleaned  using  a  "piranha  solution" 
con  si  sti  ng  of  70%  H  2S04  and  30%  H  202  (30%  H  202  i  n  H  20).  (N  ote 
that  piranha  solution  must  be  handled  with  care:  it  is  extremely 
oxidizing,  reacts  violently  with  organics,  and  should  only  be  stored 
in  loosely  tightened  containers  to  avoid  pressure  buildup.)  After 
cleaning,  a  Cr  adhesion  layer  (20  nm)  was  deposited  by  vapor 
deposition,  followed  by  200  nmof  Au.  Each  substrate  was  again 
cleaned  with  piranha  solution  and  rinsed  thoroughly  with 
deionized  water  (18.3  MQ)  immediately  prior  to  immobilizing 
the  ssDNA. 

Poly(dT)25  ssDNA  self-assembled  monolayers  were  prepared 
by  immersing  clean  gold  substrates  (rs2  cm2)  in  1/;M  (dT)25-SH 
solutions  (5  mL)  at  room  temperature.  We  followed  the  im- 
mobi  I  izati  on  condi  ti  ons  establ  i  shed  i  n  the  previ  ous  work,15  whi  ch 
also  allowed  us  to  directly  compare  our  results  with  several 
quantitative  measurements  on  similar  ssDNA  films.10~12'15The 
immobilization  was  performed  in  K2HPC>4-TE  buffer  for  im¬ 
mersion  times  of  1,  5,  15,  30,  60,  120,  and  1200  min.  Before 
analysi  s,  each  sampl  e  was  ri  nsed  thoroughl  y  wi  th  dei  oni  zed  water 
and  blown  dry  under  flowing  nitrogen. 

Fourier  Transform  Infrared  (FTIR)  Measurements. 
FTI  R  absorption  spectra  were  measured  with  a  DigilabFTS7000 
series  spectrometer  with  a  PI  KE  Technologieswiregrid  infrared 


(23)  Kawasaki,  M .;  Sato,  T.;  Tanaka,  T.;  Takao,  K.  Langmuir  2000, 
16,  1719-1728. 

(24)  Certain  vendors  and  commerdal  instruments  are  identified  to 
adequately  specify  the  experimental  procedure.  I  n  no  case  does  such 
identification implyendorsement  bytheNational  I nstituteof  Standards 
and  Technology  or  the  Naval  Research  Laboratory. 


polarizer  (p  polarized)  and  a  VeeMax  variable  angle  specular 
reflectance  accessory  (reflectance  angle,  75°). 24  Spectra  (2000- 
800  crrr1)  were  collected  from  1024  scans  at  2  crrr1  resolution 
usi  ng  a  cryogen i  c  mercu ry  cadmi  u m  tel  I  u r i  de detector .  T he  F T I R 
measurements  were  performed  on  freshly  prepared  sampl  es  pri  or 
toXPS  characterization. 

XPS  Measurements.  XPS  measurements  were  performed 
using  a  commercial  XPS  system  (Thermo  VG  Scientific  E seal ab 
220i-XL)24  equipped  with  a  monochromatic  Al  Ka  source,  a 
hemispherical  electron  energy  analyzer  (58°  angle  between 
monochromator  and  analyzer),  and  a  magnetic  electron  lens. 
The  nominal  XPS  spot  size  and  analyzer  field  of  view  were  <1 
mm2.  The  reported  binding  energies  (BEs)  are  based  on  the 
analyzer  energy  calibration  (see  Appendix  for  details).  Nocharge 
compensation  was  necessary,  and  no  differential  charging 
features  were  observed  (e.g.,  low  BE  tails),  most  likely  because 
we  measured  suffi  ci  entl  y  thi  n  D  N  A  fi  I  ms  on  grounded  conducti  ng 
substrates.25TheabsoluteXPS  peak  intensities,  where  indicated, 
are  based  on  the  count  rate  recorded  by  the  analyzer;  this  rate 
however  i  s  a  syntheti  c  val  ue  cal  cu  I  ated  by  the  acqu  i  si  ti  on  software 
based  on  signals  from  six  detectors.  This  synthetic  value  does 
not  exhibit  the  statistical  behavior  of  signal-to-noise  expected 
for  a  single-channel  analyzer  but  otherwise  does  not  appear  to 
affect  the  analysis. 

Three  types  of  normal  emission  angle-integrated  scans  were 
carried  out  for  the  samples  in  this  study:  survey  scans  from  0 
to  1400  eV  BE  and  100  eV  pass  energy  (PE),  survey  scans  from 
0  to  800  eV  BE  and  50  eV  PE,  and  high-resolution  scans  with 
15-20  eV  windows  and  20  eV  PE.  The  nominal  analyzer 
contributions  to  the  overall  energy  resolution  were  1.8,  0.9,  and 
0.36  eV,  respectively.  The  survey  scans  were  primarily  used  to 
monitor  samples  for  the  presence  of  contaminants.  H i gh- 
resolution  scans  were  acquired  for  the  Au  4f,  4d,  and  4p,  O  Is, 
C  ls,N  Is,  and  P  2p  regions.  These  scans  wereused  todetermine 
thestoichiometry  and  coveragefor  the  DN  A  fi  I  ms.  Spectra  of  the 
N  Is  and  P  2p  regions  were  accumulated  for  30-60  min, 
depending  on  the  sample  coverage,  to  obtain  an  adequate  signal- 
to-noise  ratio.  Typically,  spectra  were  acquired  from  three 
separate  spots  on  each  sample,  primarily  to  test  the  film 
uniformity.  Thecorres  ponding  calculated  coverage  values  varied 
by  not  morethan  10%  for  each  of  the  samples.  I  n  a  separatetest 
of  the  effects  of  the  incident  X-ray  beam,  irradiation  of  a 
representative  sample  for  over  3  h  using  125  W  X-ray  source 
power  produced  I  ess  than  a  5%variation  in  the  O,  N,  and  P  peak 
intensities.  Carbon  peaks  were  the  most  affected  by  the  beam 
exposure,  consistent  with  the  presence  of  a  coadsorbed  hydro¬ 
carbon  layer.  The  reference  Au  signals  used  to  calibrate  the 
attenuation  of  the  XPS  signals  were  measured  from  gold  films 
cleaned  in  situ  by  Ar  ion  sputtering  until  C  Is  and  O  Is  signals 
were  no  longer  detectable. 

XPS  Peak  Fitting.  The  peaks  in  the  elemental  core-level 
spectra  werefit  using  commercial  XPS  analysis  software.24'26  A 
convolution  ofLorentzian  and  Gaussian  line  shapes  was  used  to 
fit  the  individual  peaks.  A  linear  combination  of  Shirley  and 
linear  functions  was  used  to  model  the  background,  with  the 
correspondi  ng  coeffi  ci  ents  fi  t  si  mu  I  taneousl  y  wi  th  the  peaks.  I  n 
most  cases,  the  full  widths  at  half-maximum  (fwhm’s)  and 
background  parameters  converged  to  consistent  val  ues  through¬ 
out  the  series  without  being  restricted,  but  for  a  few  peaks  they 
were  fixed  based  on  values  for  corresponding  spectra  with  the 
highest  signal-to-noise  in  the  series.  XPS  spectra  are  presented 
in  all  figures  in  terms  of  the  XPS  intensity  recorded  by  the 
instrument  in  order  to  indicate  the  experimental  signal-to- 
background  rati  os.  F  or  stacked  spectra,  thei  ntensi  ty  axis  al  ways 
corresponds  to  the  top  spectrum  in  a  stack. 

XPS  Results 

In  Figures  2  and  3,  we  present,  to  our  knowledge,  the 
f  i  rst  pu  bl  i  shed  set  of  h  i  gh-resol  uti  on  X  P  S  data  for  a  1 1  fou  r 
principal  elements  in  an  immobilized  ssDNA  film  (N,  P, 
C,  andO;  H  is  not  observable  by  XPS).8  Previous  reports 
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Figure  2.  Evolution  of  the  N  Is  and  P  2p  XPS  peaks  with 
increasing  immobilization  time  for  1  //M  (dT)25-SH  in  1  M 
K2HP04-TE  buffer.  A  single  N  Is  peak  between  400.5  and 
401.0  eV  is  characteristic  of  thymine;  the  P  2p  peak  between 
133.5  and  134.0  eV  is  common  to  all  nucleotides.  Fitting 
parameters  werechosen  for  a  consistent  fit  for  all  samples  in 
the  ser i  es  (fi  1 1  ed  symbol  s  for  raw  data,  th i  ck  I  i  nes  for  total  fi ts, 
dashed  lines  for  peak  components  and  background). 
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Figure 3.  High-resolution  XPS  spectra  oftheC  Is  and  O  Is 
regions  for  a  ssDNA  film  after  1200  min  of  immobilization  in 
1  fM  (dThs-SH  (1  M  K2HPO4-TE  buffer).  The  minimum 
number  of  peak  components  with  the  same  width  plus  a 
combi  nati  on  of  Shi  rl  ey  and  I  i  near  backgrounds  werechosen  for 
each  el  ement  to  produce  random  resi  dual  s  (thi  n  sol  i  d  I  i  nes  bel  ow 
fits). 

for  rel  ated  systems  i  nd  udetwo~30-year-old  sets  of  meas¬ 
urements  on  adsorbed  DNA  bases27'28 and,  morerecently, 
limited  results  for  thymine29  and  DNA  films.1530-33  In 
contrast  to  prior  work,  our  spectra  were  obtained  with  a 
high-intensity,  monochromatized Al  KaX-raysourcethat 
enables  superior  energy  resolution  and  excellent  signal- 
to-  noi  se,  att  r  i  butes14 1  h  at  a  1 1  ow  us  to  perfor  m  rel  i  a  bl  e  pea  k 
fitting  and  to  observe  the  detailed  evolution  of  the  N  Is 
spectra  with  immobilization  time  (Figure  2).  Before 
proceeding  to  the  more  detailed  quantitative  analysis 
presented  i  n  t  he  f  ol  I  owi  n  g  sect  i  on  s,  we  br  i  ef  I  y  d  i  scu  ss  t  h  e 
general  properties  representative  of  a  DNA  film  observed 
in  the  data  (Figures  2  and  3). 


(27)  Barber,  M.;  Clark,  D.  T.  Chan.  Commun.  1970,  24-25. 

(28)  Peeling, J  .;  Hruska,  F.  E.;  McIntyre,  N.  S.  Can.]  .  Chan.  1978, 
56,  1555-1561. 

(29)  Roelfs,  B.;  Bunge,  E.;  Schroter,  C.;  Solomun,  T .;  Meyer,  H.; 
Nichols,  R.J  .;  Baumgartel,  H.J  .  Phys.  Chan.  B  1997, 101,  754-765. 

(30)  Zhao,  Y.  D.;  Pang,  D.  W.;  Hu,  S.;  Wang,  Z.  L.;  Cheng,  J  .  K.;  Qi, 
Y.  P.;  Dai,  H .  P.;  Mao,  B.  W.; Tian, Z.  Q.;Luo,J  .;  Lin,  Z.  H .  Anal.  Chim. 
Acta  1999,  388,  93-101. 

(31)  Wang,  J  .;  Rivas,  G.;J  iang,  M.  A.;  Zhang,  X.J  .  Langmuir  1999, 
15,  6541-6545. 

(32)  Leavitt,  A.  J  .;  Wenzler,  L.  A.;  Williams,  J  .  M .;  Beebe,  T.  P.J  . 
Phys.  Chan.  1994,  98,  8742-8746. 

(33)  Rabkeclemmer,  C.  E.;  Leavitt,  A. J  .;  Beebe, T.  P.  Langmuir  1994, 
10,  1796-1800. 


Table  1.  Peak  Fit  Parameters  for  the  Four  Major 
Elements  in  the  (dThs  DNA  Film 


peak 

binding 
energy  (eV) 

Lorentzian 
fwhma  (eV) 

Gaussian 
fwhma  (eV) 

relative 

intensity 

N  Is 

401.0 

0.1 

1.35 

0.949 

399.2 

0.035 

397.9 

0.016 

N  Is 

400.5 

0.1 

1.50 

0.712 

1  min5 

398.7 

0.230 

397.4 

0.058 

P  2p3/2 

133.7 

0.2 

1.28 

1 

P  2pi/2 

134. 5C 

0.5C 

C  Is 

284.4 

0.1 

1.18 

0.062 

285.5 

0.337 

286.9 

0.349 

288.3 

0.150 

289.5 

0.102 

O  Is 

531.7 

0.1 

1.56 

0.443 

533.3 

0.557 

aA  convolution  of  Lorentzian  and  Gaussian  components  was 
assumed  for  all  peak  shapes.  5  For  the  N  Is  peaks,  parameters  for 
films  with  the  highest  and  the  lowest  coverage  in  the  series  (after 
1200  and  1  min  of  ssDNA  immobilization,  respectively)  aregiven 
(Figure 2).  c  For  theP  2p  doublet,  a  spin-orbit  splitting  of  0.84  eV 
and  a  0.5  intensity  ratio  have  been  assumed.  TheP  2p  parameters 
are  given  for  the  1200  min  sample  (top  spectrum  in  Figure  2). 

The  presence  of  N1531  or,  to  a  better  extent,  N  and  P 
together,  is  an  excellent  indicator  specific  to  adsorbed 
DNA830  because  their  presence  is  typically  unaffected  by 
surface  contamination  during  sample  preparation  and 
handling.Thebase-specificP/N  ratio  is  particularly  useful 
(ideal  ly  1/2  for  dT)  for  checki  ng  thefi  I  m  stoichiometry,  as 
discussed  in  more  detail  in  the  next  section. 

P  ea  k  para  meters  a  re  gi  ven  i  n  Tabl  e  1  cor  respondi  ng  to 
thefits shown  in  Figure2for  N  and  P  and  in  Figure3for 
C  and  O.  In  absence  of  detailed  ab  initiocalculations,  the 
n  u  mber  of  pea  ks  chosen  to  f  i  t  each  of  theel  emental  regi  ons 
was  the  minimum  required  to  obtain  random  residuals 
(thin  lines  at  the  bottom  of  the  panels  in  Figures  2  and 
3).  For  theC  and  O  fits  in  Figure  3,  the  peak  widths  for 
each  element  were  constrained  to  the  same  values.  The 
resulti  ng  range  of  fwhm  val  ues  for  thefour  major  elements 
in  DNA  is  from  ^1.3  eV  for  C  lstor»1.7eVforO  Is,  values 
typical  for  polymer-like  materials.  A  shift  to  higher  BE 
with  increasing  DNA  coverage  is  apparent  in  the  N  Is 
spectra  in  Figure2.Theshift  monotonically  increases  for 
thefi  rst  three  samples,  saturating  at  about  0.5  eV  for  the 
thickest  films  in  this  series  (N  Is  data  in  Table  1).  Such 
shiftsarecommon  inorganicmultilayerson  metal  surfaces 
and  are  typically  attributed  to  extra-atomic  relaxation 
and  charging  effects.34  The  shift  is  less  obvious  in  the  P 
2p  series  in  Figure2,  primarily  becauseofthelower  signal- 
to-noise  ratio  for  thefi  rst  three  samples  and  the  intrinsic 
structure  of  the  2p  doublet.  FortheC  IsandO  lsregions, 
the  shifts  are  similar  to  those  for  N  Is  (not  shown). 

Theprincipal  N  Is  core-level  peak  in  Figure2hasa  BE 
between  400.5  and  401.0  eV,  consistent  with  published 
results  for  thymine  multilayers  (401.1-402.1  eV27  and 
400.4  eV29)  and  powder  (400.9  eV28).  Because  very  si  mi  I  ar 
chemical  shifts  are  expected  for  both  N  atoms  in  each 
thymine  ring  (Figure  1), 35-37  we  fit  the  series  shown  in 
Figure 2  using  a  single  main  N  Is  peak.  Two  lower  BE  N 
Is  components,  shifted  by  approximately  -1.8  and  -3.1 
eV,  are  observed  in  Figure  2.  A  shift  to  lower  BE  of  this 
magnitude  in  organic  multilayers  has  been  attributed  to 


(34)  Sexton,  B.  A.;  Hughes,  A.  E  .Surf.  Sd.  1984,  140,  227-248. 

(35)  Mely,  B.;  Pullman,  A.  Thwr.  Chim.  Acta  1969,  13,  278-287. 

(36)  Snyder,  L.  C.;  Shulman,  R.  G.;  Neumann,  D.  B.J  .  Chem.  Phys. 
1970,  53,  256-267. 

(37)  Rein,  R.;  Nir,  S.;  Hartman,  A.  Isr.J  .  Chan.  1972, 10,  93-100. 
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3  Au  Peaks 


Au  4f 


Au  4d 


clean  Au:  check  T(E)  Au+DNA:  calculate  t 

from  attenuation 


Elemental  Concentration  &  Coverage 


intensity  ratio: 
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Figure4.  Schematic  outline  of  the  analysis  procedure.  (Top) 
The  measured  XPS  intensities  of  three  Au  peaks  at  different 
BEs  are  compared  for  spectra  from  clean  Au  and  Au  +  DNA 
samples.  Comparison  of  the  intensity  attenuation  of  Au  peaks 
provides  a  measurement  of  the  film  thickness  and  film 
uniformity.  Thepeak  intensities  for  clean  Au  arealsoused  for 
checking  the  transmission  function  T(£)  calibration.  (Bottom) 
The  DNA  film  thickness  determined  in  the  first  step  and  the 
calculated  values  of  needed  EALs(Z_'s)allowustocalculatethe 
nitrogen  atomic  concentration  in  the  film  Nn  relative  to  N Au 
from  the  experi mental  intensity  ratio /n//au- 


Third,  relative  and  absolute  elemental  coverage  values 
are  then  calculated  based  on  the  film  thickness  and 
elemental  concentrations  determined  inthefirst  two  steps. 
Thechoiceof  model  parameters,  their  uncertainties,  and 
several  additional  cross-checks  are  discussed  separately 
in  Validation  section. 

A  number  of  different  EALs  had  to  be  calculated  for 
this  work;  for  example,  noteseveral  different  L'  sin  Figure 
4.  Toavoi  d  confusi  on  i  n  defi  n  i  ti  ons  and  termi  nol  ogy,  Tabl  e 
2  lists  the  notation  adopted  for  EALs  in  this  paper  and 
respective  terms  used  to  describe  them  in  a  recent  review 
of  EAL  terminology  and  definitions39  and  the  output  of 
NIST  SRD-82  software.40  The  updated  EAL  definition 
explicitly  defines  EAL  as  a  parameter  that  can  be 
i  nt  reduced  i  n  pi  ace  of  th  e  i  nel  ast  i  c  mea  n  f  ree  pat  h  2  ( I M  F  P ) 
intoexpressi onsderi  ved  from  thestandard  XPS  formal  ism 
"for  a  gi  venquantitativeappli  cation".  39Thusweneed  two 
different  types  of  EALs:  "average  practical  EAL"(PEAL) 
to  be  used  in  expressions  with  exponential  signal  attenu¬ 
ation  by  overlayers  and  "EAL  for  quantitative  analysis" 
(QE AL)  in  intensity  prefactors  (i.e.,  expressions  related 
to  signal  intensity  from  semi-infinite  substrates).  While 
some  of  the  relevant  properties  of  these  particular  EALs 
will  be  noted  in  thefollowing  discussion,  full  definitions, 
detailed  descriptions,  and  the  appropriate  use  of  these 
quantities  are  presented  in  the  above-mentioned  com¬ 
prehensive  review.39 

DNA  Film  Thickness.  The  models  used  for  quantita¬ 
tive  XPS  analysis  require  specific  assumptions  and 
empirical  parameters.41  Unfortunately,  the  actual  struc¬ 
ture  of  ssDNA  films  on  gold  under  ultrahigh  vacuum 
(UHV)  conditions  is  not  known.  The  model  requiring  the 
fewest  number  of  free  parameters  is  thestandard  uniform 
overlayer  model,  which  we  therefore  chose  to  interpret 
our  data.  In  thisformalism,  theobserved  intensity  of  the 
gold  substrate  signal,  /Au,  is  given  by  the  intensity  from 
a  clean  gold  substrate,  /  Au,  attenuated  by  the  DNA  film 
of  thickness  t  as 


a  strong  interaction  with  the  substrate,  that  is,  chemi¬ 
sorption.  In  fact,  the  peak  shifted  by  1.8  eV  is  consistent 
with  the  1.5  ±  0.2  eV  shift  reported  for  thymine  chemi¬ 
sorbed  on  Au(lll)  in  an  upright  position,29 and  the3.1  eV 
shift  iscomparabletotheshift  reported  for  chemisorption 
of  acetonitrile  on  Pt(lll)  in  a  flat  geometry.34  The 
chemisorbed  components  are  most  prominent  for  the 
lowest  coverage,  and  both  their  relative  and  absolute 
i  ntensi  ti  es  decrease  with  i  ncreasi  ng  coverage.  Thechange 
in  the  molecular  configuration  with  increasing  coverage 
suggested  by  this  behavior  is  considered  in  detail  in  a 
separate  paper;8  for  thefollowing  discussion,  it  is  only 
important  to  notethedistincti  on  between  thechemisorbed 
and  nonchemi sorbed  thymine  bases. 

XPS  Data  Analysis 

Thethree  principal  parts  of  the  analysis  procedure  are 
discussed  in  this  section  (Figure4).Theprocedureis  based 
on  thestandard  overlayer  XPS  formalism.  First,  th  efilm 
thickness  is  determined  from  the  attenuation  of  XPS 
signals  from  the  gold  substrate.  An  XPS  spectrum  from 
a  freshly  sputtered  gold  film  is  used  as  an  absolute 
intensity  reference,  and  the  signal  attenuations  for  the 
Au  4f,  4d,  and  4p  peaks  are  calculated  to  achieve  a 
consistent  result.  Second,  the  obtained  film  thickness  is 
used  to  cor  rect  measu  red  X  P  S  pea k  rat  i  os  f or  atten u  at  i  on 
withinthefilmandtocalcul  ate  elemental  concentrations. 
The  effective  attenuation  length3839  (EAL)  for  electrons 
in  the  film  is  calculated  in  both  cases  using  the  NIST 
Standard  Reference  Database 82  (SRD-82)  software. 38-40 


/  AU  =  /AUexp 


(1) 


Toobtainthefilm  thickness  from  this  equation,  the  PEAL 
for  electrons  from  Au  in  the  DNA  film,  LAu,  needs  to  be 
calculated  for  each  of  the  measured  Au  substrate  peaks 
(4f,  4d,  and  4p).  The  calculations  are  performed  using 
N I  ST  S  R  D  -82  soft wa  re40  based  on  t h  e  k  i  n  et  i  c  en  ergy  ( K  E ) 
of  the  electrons  and  thefollowing  overlayer  parameters: 
stoichiometry  coefficients,  number  of  valence  electrons 
per  molecule,  band-gap  energy  (£g),  and  density  (pDNA)- 
The  choice  of  values  for  the  latter  two  parameters  is  not 
a  si mpl e  matter  for  a  DNA  film  and  is  discussed  in  detail 
in  DNA  Film  Parameters  section.  Thecalculated  (dT)25- 
SH  ssDNA  film  thickness  values,  listed  in  Table  3,  are 
based  on  thedataforthethreeAu  peaks  from  the  1-1200 
min  immobilization  series.  The  PEALs  for  a  film  of  5  nm 
thickness,  as  listed  in  Tabl  e3,  were  used  todeterminethe 
filmthicknessinall  cases.  NotethatthePEALscalculated 
for  a  2  nm  thick  film  differ  from  those  for  a  5  nm  film  by 
not  more  than  0.4%  (Table  3),  so  this  simplification  does 
not  introduce  an  appreciable  systematic  error  into  the 
analysis. 


(38)  Powell,  C.J  .;J  ablonski,  A.  Surf.  Interface  Anal.  2002, 33, 211- 
229. 

(39)  J  ablonski,  A.;  Powell,  C.J  .  Surf.  Sci.  Rep.  2002,  47,  35-91. 

(40)  Powell, C.J  ,;J  ablonski,  A.  NIST  Electron  Effective-Attenuation- 
Length  Database,  Version  1.0  (SRD-82)-,  U  .S.  Department  of  Commerce, 
National  I  nstitute  of  Standards  and  Technology:  Gaithersburg,  MD, 
2001. 

(41)  Fulghum,  J  .  E.;  Linton,  R.  W.  Surf.  Interface  Anal.  1988,  13, 
186-192. 
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Table  2.  EAL  Notation  and  Terminology 


variable  descriptive  summary  formal  description-5 


SRD-82  description  &  parameters 


L  Au 


Lx 


L 


Q 

Au 


L 


Q 

X 


PEAL  for  electrons  from  Au 
in  DNA  film 


PEAL  for  electrons  from  DNA 
elements  (X  =  N,  P,  C,  O) 
in  DNA  film 

QEAL  for  electrons  from  Au 
in  Au  film 


QEAL  for  electrons  from  DNA 
elements  (X  =  N,  P,  C,  O) 
in  DNA  film 


"average practical  EAL” for  electrons 
from  A u  in  DNA  over!ayerb 


"average practical  EAL" for  electrons 
from  DNA  in  DNA  overlayerb 


"EAL  for  quantitative  analysis"  for 
semi-infinite  Au  substrate6 


"EAL  for  quantitative  analysis"  for 
infinitely  thick  DNA  overlayer6 


"Average  EAL  (Lave)"  in  "Practical  and  average 
EALs"  output  window.  Calculated  using 
kinetic  energy  and  ft  for  Au  electrons;  DNA 
film  parameters. 

"Average  EAL  (Lave)”  in  "Practical  and  average 
EALs"  output  window.  Calculated  using 
kinetic  energy  and  /?  for  X  electrons;  DNA 
film  parameters. 

"EAL  for  quantitative  analysis"  in  "Practical 
and  average  EALs"  output  window 
("Related  parameters"  section).  Calculated 
using  kinetic  energy  and  j)  for  Au  electrons; 
"Recommended  I MFP  values" for  elemental 
Au  from  the  SRD-82  database. 

"EAL  for  quantitative  analysis"  in  "Practical 
and  average  EALs"  output  window 
("Related  parameters"  section).  Calculated 
using  kinetic  energy  and  j)  for  X  electrons; 
DNA  film  parameters. 


a  Formal  terminology  follows  that  of  a  recent  EAL  review  (section  9.1  for  PEAL,  section  8.3  for  QEAL)  (ref  39).  b  "Average  practical  EAL" 
is  explicitly  defined  as  a  parameter  to  be  used  for  overlayers  with  approximately  exponential  attenuation.  Because  DNA  is  the  only  type 
of  overlayer  considered  in  this  paper,  in  all  cases  PEALs  refer  to  attenuation  by  the  DNA  film  of  electrons  from  thespecified  el  ement.c  "EAL 
for  quantitative  analysis"  is  defined  and  calculated  based  on  an  expression  for  XPS  intensity  from  semi -infinite  substrates;  i.e.,  the  same 
typeof  expression  that  serves  as  a  prefactor  in  front  of  theexponential  attenuation  terms.  By  definition,  QEALs  refer  toelectrons  originating 
in  a  material  and  attenuated  within  the  material  itself,  such  as  Au  electrons  in  Au  or  N,  P,  C,  and  O  electrons  in  a  DNA  film. 


Table  3.  Attenuation  of  Gold  Substrate  Peak  Intensities 
and  DNA  Film  Thickness  t 


immobili¬ 
zation 
time  (min) 

AU  4fy/2 

/_Au4f=3.858  nma 

Au  4d5/2 

Lau4ci=3.274  nm5 

Au  4p3/2 

Lau4P=2.764  nma 

> 

c 

>  o 
c 

t  (nm)6 

>~ 

>  o 
c 

t  (nm)6 

> 

c 

>o 

c 

t  (nm)6 

1 

0.568 

2.18 

0.518 

2.15 

0.480 

2.03 

5 

0.525 

2.49 

0.467 

2.49 

0.432 

2.32 

30 

0.449 

3.09 

0.387 

3.11 

0.305 

3.28 

120 

0.360 

3.94 

0.286 

4.10 

0.201 

4.43 

1200 

0.254 

5.29 

0.203 

5.22 

0.125 

5.75 

a  PEALs  (L au)  for  electrons  from  the  Au  substrate  in  the  DNA 
film  were  calculated  using  NIST  SRD-82  software  (ref  40)  with  the 
following  parameters:  experimental  kinetic  energy  for  Au  photo- 
el  ectrons;  asymmetry  parameters/?  for  electrons  Au  4f7/2  (/?  =  1.04), 
4dv2  {p  =  1.22)  (ref  40),  and  Au  4p3/2  (/3  =  1.63)  (ref  42);  ideal 
stoichiometry  of  dT  nucleotides  (Figure  1);  band-gap  energy  fg  = 
4.8 eV;  fi I  m density  pdna  =  0.893  g/cm3.  PE  AL  or  "average practical 
EAL"  values  (Table  2)  calculated  for  a  film  of  5  nm  thickness  are 
listed  in  each  case.  For  comparison,  PEALs  calculated  for  a  2  nm 
filmare/_Au4f  =  3.869  nm,  Lau4cj  =  3.283  nm,  and  L  Au4p  =  2.775  nm. 
bDNA  film  thickness  t  calculated  from  experimental  Au  signal 
attenuation  (eq  1). 

The  peak  intensity  ratios  / Au//  °u  listed  in  Table3  were 
determined  from  fits  to  experimental  Au  4f7/2,  4d5/2,  and 
4p3/2  spectra.  The  reference  clean  Au  spectra  (/  ^u)  were 
acquired  from  a  gold  film  immediately  after  Ar  ion 
sputteri  ng.  Theesti  mates  of  the  DN  A  fi  I  m  thi  ckness  I  i  sted 
in  Table  3  were  obtained  by  substitution  of  experi¬ 
mental  intensity  ratios  into  eq  1.  Note  that  there  is  a 
variation  of  several  hundred  electronvolts  in  KE  of 
electrons  between  thethreeAu  peaks;  thus,  theagreement 
between  these  semi -independent  estimates  is  a  good 
indication  that  the  simple  uniform  overlayer  model  is 
suitable  for  this  system.  Only  for  the  two  thickest  films, 
theAu  4p  thickness  appears  «10%  larger  than  theAu  4f 
and  4d  estimates.  Note,  however,  that  4p  has  the  lowest 
KE  of  the  three  Au  peaks  and  thus  experiences  the 
strongest  attenuation.  Strong  attenuation  affects  the 
thi  ckness  esti  mate  i  n  two  ways:  thecombi  nation  of  a  low 
peak  intensity  and  high  inelasticbackground  means  that 
the  fitting  procedure  is  subject  to  a  greater  uncertainty, 
and  the  assumption  of  approximately  exponential  at¬ 
tenuation  may  not  beval  id.39  Conversely,  the  most  reliable 


esti  mate  is  that  from  theAu  4f7/2  peak  becauseit  has  the 
highest  intensity,  the  weakest  attenuation,  and  the 
smallest  uncertainty  due  to  the  inelastic  background 
f  i  tti  ng.  Therefore,  weusethef  i  I  m  th  i  ckness  val  ues  shown 
in  Table  3  from  the  Au  4f7/2  peak  attenuation  in  the 
subsequent  analysis. 

Elemental  Concentrations  and  Stoichiometry. 

Once  the  film  thickness  is  known,  elemental  concentra¬ 
tions  can  be  determined.  In  the  simple  overlayer  model, 
the  i  ntensity  of  theXPS  signal,  lx,  originating  from  atoms 
of  element  X  in  the  film  is  given  by 


lx  =  'x 


(2) 


where  /*  is  the  intensity  from  bulk  material,  and  the 
term  in  the  square  brackets  accounts  for  the  finite 
thickness  of  the  film  and  for  attenuation  of  the  signal 
with  a  PEAL  of  Lx- 

The  remaining  factors  in  eqs  1  and  2  that  must  be 
considered  todeterminetheelemental  concentrations  are 
the  prefactors  /  and  /  *  (theXPS  signal  intensities  from 
bulk  gold  and  DNA  samples,  respectively).  According  to 
standard  XPS  formal  i  sm,39-41  a  prefactor  can  beexpressed 
as 


I  =  {FA  AQ}T  o  Wtf.ip)  IN  (3) 

whereF  is  the  incident  X-ray  flux,  A  istheanalyzed  sample 
area,  AQ  isthe  acceptance  solid  angle  of  the  analyzer,  T 
is  the  analyzer  transmission  function,  o  is  the  total 
photoelectric  cross  section, !/!/(/?, 7)  isthe  angular  distribu¬ 
tion  term,  l  is  the  I  MFP,  and  N  is  the  atomic  density  for 
the  chemical  element  observed  (what  we  want  to  deter¬ 
mine). 

The  first  three  factors,  {FA  AQ},  aregrouped  together 
becausethey  cancel  out  when  experimental  intensity  rati  os 
are  measured.  Theanalyzer  transmission  function  (T)  is 
calibratedand  provided  by  theinstrument  manufacturer; 
wealsochecked  this  calibration  by  comparing  normalized 
peak  intensities  for  a  clean  Au  substrate,  as  explained  in 
Instrument-Related  Factors  section.  We  used  standard, 
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Table  4.  EAL  Values  Calculated3  for  Au  and  the  Four 
Major  Elements  in  DNA  for  Use  in  Elemental  Analysis 

peak  PEAL  in  DNA  film  L  (nm)  QEAL  LQ  (nm)6 


C  Is 

3.391 

3.529 

O  Is 

2.798 

2.938 

N  Is 

3.116 

3.255 

P  2p3/2 

3.754 

3.860 

Au  4f7/2 

3.858 

1.745b 

a  Specified  EAL  swerecal  culated  using  SRD-82  software  (ref  40) 
with  parameters  as  given  for  Table  3  and  two  additional  asymmetry 
parameters,  fi,  for  photoelectrons  (ref  40):  ji  =  2  for  Is  peaks  and 

=  1.1  for  P  2p3/2 .  ^Values  of  QEAL  (refs  39  and  40),  LQ,  are 
calculated  for  the  material  in  which  the  photoelectrons  originate; 
i.e,  the  DNA  film  for  theC,  O,  N,  and  P  and  the  gold  substrate  for 
the  Au.  The  LAu  value  for  Au  was  calculated  based  on  the 
recommended  I M  FP  values  from  the  SRD-82  database  (ref  40). 

tabu  I  ated  Scot  i  el  d  coeffi  ci  ents43  for  the  total  photoel  ectr  i  c 
cross  section,  which  is  justified  for  our  experimental 
geometry  (normal  emission  and  the  58°  X-ray  angle  of 
incidence).  Foil  owing  the  suggestion  of  ref  39,  we  can  use 
QEAL  values (L0) calculated  bytheSRD-82 software40^ 
place  of  the  IMFP  (A).  This  substitution  accounts  for  the 
effect  of  elastic  collisions  on  the  photoelectron  intensities 
and  their  angular  distributions.  NotethatL0  is  explicitly 
defi  ned  such  that  themodified  angular  distri  bution  factor 
cancels  out  in  intensity  ratios.39 

Finally,  we  determine  the  atomic  density  A/xfor  each 
of  the  four  elements  in  the  DNA  film  (X  =  C,  O,  N,  and 
P).  From  each  ratio  of  the  measured  intensities  from  the 
film  lx  and  the  gold  substrate/Au,  we  can  determine  the 
ratio  of  the  selected  elemental  atomic  density  to  that  of 
gold  (A/x/A/au)  combining  eqs  1-3  as 

Nx  _  lx  7"auctaiAau  exp[— t/LAu] 

WAu-/Au  TxoxLx  1-exp [~t/Lx] 

As  we  discussed  above,  tcan  betaken  from  Table  3,  and 
Lx,  L®u,  Lx,  and  L Au  are  the  QEALs  and  PEALs39 
calculated  by  the  SRD-82  program,40  respectively  (as 
tabulated  in  Table  4).  If  we  assume  the  accepted  gold 
density  of  19.28  g/cm3,  the  atomic  density  of  gold  is  A/Au 
=  5.892  x  1022atoms/cm3.Theabsoluteatomicdensity of 
the  element  X  in  the  film  can  be  determined  from  eq  4. 

Todetermi  netheDN  A  coverage,  weuse  nitrogen  as  the 
reference  signal  because  it  is  specific  to  DNA  molecules, 
not  subject  to  contamination  from  the  environment,  and 
has  a  clean  spectral  signaturefor(dT)25-SFI  ssDNAfilms8 
(Figure  2).  The  ratios  of  other  elemental  concentrations 
to  n  i  t  rogen  ca  n  t  h  en  be  com  pa  red  to  st  oi  ch  i  omet  r  i  c  rat  i  os 
for  the  five  films  in  the  series  (Table  5).  Note  that  these 
ratios  were  calculated  using  eq  4  and  thus  include  the 
effect  of  the  XPS  signal  attenuation  in  the  film.  The  P/N 
ratio  is  constant  within  the  experimental  ±10%  data 
scatter,  indicating  that  there  is  no  preferential  damage 
or  desorption  of  the  phosphate  backbone  compared  to  the 
N -substituted thyminerings.  BoththeC/N  andO/N  ratios 
decrease  to  almost  stoichiometric  values  with  increasing 
DNA  film  thickness,  indicating  that  thessDNA  films  are 
not  hydrated  u nder  the UFiV  conditions  [theO/N  ratiofor 
thethickestfi I m  indicates  lessthan  oneextra oxygen  atom 
(water  molecule)  per  nucleotide]  and  that  there  is  little 
nonspecific  coadsorption  of  adventitious  hydrocarbons  on 
the  thick  DNA  films.  The  apparent  DNA  film  density, 


(42)  Yeh,  J  .  J  .;  Lindau,  I .  Atom.  Data  Nucl.  Data  Tables  1985,  32, 
1-155. 

(43)  Scofield,  J  .  H .  J  .  Electron  Spectrosc.  Relat.  Phenom.  1976,  8, 
129-137. 


Table  5.  Calculated  Elemental  Concentrations  and 
Stoichiometry  of  (dThs  Films 

immobili-  %  expected 


zation 
ime  (min) 

P/N  ratio3 
(ideal  0.5) 

C/N  ratio3 
(ideal  5) 

O/N  ratio3 
(ideal  3.5) 

N  concn 
(ideal  100)b 

PDNAC 

g/cm3 

1 

0.60 

8.3 

4.3 

71 

0.59 

5 

0.54 

6.3 

4.3 

82 

0.84 

30 

0.56 

5.7 

4.0 

89 

0.94 

120 

0.55 

6.2 

4.0 

85 

0.94 

1200 

0.64 

5.8 

3.8 

89 

0.89 

a  Calculated  elemental  ratiostakeintoaccountthephotoelectron 
attenuation  in  the  film  (eq  4).  b  Observed  atomic  fraction  of  N  in 
the  film  as  a  percentage  of  the  1/10  expected  for  a  stoichiometric 
dT  film. c The  density  of  the  DNA  film,  pdna,  calculated  from  the 
nitrogen  atomic  concentration  (A/N)  assuming  the  ideal  dT  stoi¬ 
chiometry. 


Table  6.  Nitrogen  Atomic  Concentration  A/N  and 
Absolute  Coverage  of  (dT)2s  DNA  nT25 


immobili¬ 
zation 
time  (min) 

DNA  film 
thickness 
t  (nm) 

atomic  density 
of  N  relative 
to  Au,  Nn/A/Aij 

relative  N 
coverage 
0n/NAu 

DNA  coverage 
nT 25  (xlO13 
DNA/cm2) 

1 

2.2 

0.0390 

0.086 

1.0 

5 

2.5 

0.0557 

0.139 

1.6 

30 

3.1 

0.0623 

0.193 

2.3 

120 

3.9 

0.0624 

0.243 

2.9 

1200 

5.3 

0.0591 

0.313 

3.7 

Pdna,  can  be  calculated  from  the  A/n/A/Au  ratio  and  mass 
fraction  of  N  in  DNA.  Assumingtheexpected  stoichiometry 
for  oligo(dT)  ssDN  A,  pDNA  =  A/n/A/Au  x  15.05  g/cm3.44  We 
attribute  the  apparently  low  DNA  film  density  for  short 
immobilization  times  (Table  5)  to  the  relatively  large 
amount  of  coadsorbed  hydrocarbons,  which  remain  un¬ 
accounted  for  in  the  stoichiometric  formula  for  pDNA. 

DNA  Coverage.  The  number  of  nitrogen  atoms  per 
unit  area  of  the  film,  is  obtained  by  multiplying  the 
atomic  density  Nn  by  the  film  thickness  t, 

0N=NNt  (5) 

Because  A/ im  is  not  measured  directly,  but  rather  as  a  A/N/ 
A/Au  ratio,  a  more  practical  quantity  to  consider  is  the 
relativeN  coverage0N/A/Au,  which  isthen  simply  a  product 
of  two  measured  quantities  (Table  6).  Note  that  when 
defined  this  way,  the  relative  nitrogen  coverage  is 
proportional  to  the  absolute  coverage  and  therefore  can 
be  used  to  quantitatively  compare  coverage  (based  on  a 
specific  element)  for  samples  with  essentially  arbitrary 
film  stoichiometry.  If  the  proper  film  stoichiometry  is 
known,  the  absolute  coverage  can  be  calculated  from  0N/ 
A/Au  as  well;  for  example,  for  (dT)25-SH,45 

nT25  =  x  11-78  x  1013  molecules/cm2  (6) 

A  very  important  property  of  the  relative  N  coverage  dN 
calculated  from  eq  5  is  revealed  ifeqs4and5arerewritten 
as 


J 

1"auCTAu^-Au1 

1  t  exp[-t/LAu] 

WAu  1 

IV  Au  T"nctN  J 

IlS  1  -  exp [~t/LN] 

Fi  eretheprefactor  in  curly  braces  includes  only  parameters 
known  or  directly  measured  and  independent  of  the  EAL 


(44)  For  gold,  density  pAu  =  WAuMau,  where  MAu  =  197  is  the  atomic 
mass  of  gold.  For  DNA,  pdna  =  WnMdna/[#N  ],  whereMDNA  =  7691  is  the 
molecular  mass  of  (dTLs-SH  and  [#M  ]  =  50  is  the  number  of  N  atoms 
in  one(dT)25-SH  molecule.  Combi  ningtheaboveexpressions,  we  obtain 
the  numerical  conversion  factor  between  pdna  in  g/cm3  and  A/n/NAu  to 
be  19.28  x  (7691/50J/197  =  15.05. 
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Figure5.  Threequantification  methodsfor  (dT)25-SH  ssDNA 
coverage  as  a  fu  ncti  on  of  i  mmobi  I  i  zati  on  ti  me  i  n  1 M  K  2H  P  04- 
T  E  bu  ff  er  .(a)Opencirclesare  cover  age  va  I  u  es  ca  I  cu  I  at  ed  ba  sed 
onthetotal  N  lsXPS  signal  (Figure  2).  The  relative  coverage 
(left  axis)  is  normalized  to  the  maximum  value.  The  absolute 
coverage  (right  axis)  i  seal  culated  using  theoverlayer-substrate 
model.  The  solid  lineisa  linear-to-log-timefit  to  the  data,  (b) 
Rel  ati  ve  "coverage"  anal  ysi  sfor  thetwosi  mpl  er  commonl  y  used 
quantification  methods,  the  raw  N  Is  XPS  intensity  (up 
triangles,  left  axis)  and  the  ratio  of  the  N  Is  and  Au  4f7c 
intensities  (down  triangles,  right  axis).  Lines  are  provided  to 
guide  the  eye. 

calculations  for  DNA  films.  Note  that  the  film  thickness 
tandthecalculated  EALs(/_)onlyentereq7ast//_  ratios. 
As  we  will  discuss  below  in  InvariantEAL  Ratios  section, 
these  ratios  are  very  insensitive  to  uncertainties  in  the 
DNA  film  parameters  used  tocalculatetheEALs.  There¬ 
fore,  the  property  we  are  most  interested  in,  the  absolute 
DNA  coverage,  isactually  theoneweean  determinewith 
the  least  uncertainty. 

The  evolution  of  the  DNA  coverage  as  a  function  of  the 
i  mmobi  I  i  zati  on  time  is  shown  in  Figure  5a.  The  coverage 
(from  Table  6)  has  been  calculated  based  on  the  total 
intensity  of  the  N  Is  signal  for  this  immobilization  series 
(Figure 2)  using  eqs  4  and  5  with  thefi I m  thickness  data 
in  Table  3.  The  relative  coverages  (left  axis  in  Figure  5a) 
arenormalized  to  the  observed  maximum  coverage  after 
1200  min  of  immobilization.  Absolute  coverage  values 
(right  axis  in  Figure  5a)  were  calculated  from  eq  6.  The 
absolute  coverage  after  immobilizing  (dT)25-SH  for  1200 
min  is  3.7  x  1013  molecules/cm2,  in  good  agreement  with 
the  value  of  3.0  x  1013  molecules/cm2  determined  by 
radiolabeling  for  a  thiol-modified  24-base-long  ssDNA 
immobilized  under  the  same  conditions.10 

Notetheapparent  I  inear-in-log-time  kinetics  in  Figure 
5a,  which  is  highly  unusual  for  an  adsorption  process.8 
Langmu i  r-l  i  ke  behavi or,  typi cal  I y  assu med  for  adsorpti on 
of  thiol -functionalized  molecules  on  gold,  would  produce 
a  nonlinear  curvein  these  coordinates  (e.g„  Figurell  in 
ref  23).  Some  model  calculations  for  polyelectrolyte 
adsorption  at  high  salt  concentrations  predict  a  kinetics 
curve  with  an  asymptotically  linear  immobilization  time 
dependence,  where  the  molecular  reorganization  at  the 


(45)  To  convert  between  the  atomic  density  of  gold  NAu  =  5.892  x 
1022  atoms/cm3  and  the  (dT)25-SH  surface  density  nT2 5,  the  numerical 
factor  is  given  by  (5.892  x  1022)  x  lCh7/50  =  11.78  x  1013,  where  the 
factor  ICC7  accounts  for  film  thickness  expressed  in  nanometers  rather 
than  centimeters,  and  50  is  the  number  of  nitrogen  atoms  per  (dT)25 — 
SH  molecule. 


surface  becomes  the  rate-limiting  step.46  As  discussed 
elsewhere,8  there  is  other  evidence  that  such  a  reorgan¬ 
ization  indeed  happens  during  the  immobilization  of 
(dT)25— SH  ssDNA  on  gold. 

Validation 

Instrument-Related  Factors.Theexpression  forthe 
XPS  intensity  given  by  eq  3  contains  two  instrument- 
dependent  factors:41  the{FA  AQ}  product  (determined  by 
the  instrument  geometry,  configuration,  settings,  and 
stability)  and  the  analyzer  transmission  function,  T 
(determined  by  the  instrument  design,  settings,  and 
stability).  The  first  group  of  parameters  is  assumed  to 
cancel  out  when  intensity  ratios  are  considered  in  our 
analysis  (eq  4).  We  used  the  analyzer  transmission 
function  values  provided  by  the  manufacturer  and  checked 
them  using  a  clean  Au  spectrum,  as  explained  at  theend 
of  this  section.  Weestimatethecontributionstotheoveral  I 
measurement  uncertainty duetotheseinstrument-related 
factors  to  be  5-10%,  as  explained  below. 

The  elemental  analysis  (eq  4)  is  based  on  relative 
intensities,  that  is,  on  intensitiesfor  al I  elementsacqui red 
without  changi  ngtheposition  or  orientation  of  thesample, 
so  that  the  geometric  factors  A  and  AQ  do  not  contribute. 
Theacquisition  time  for  the  N  and  P  spectra  was  typically 
30-50  times  longer  than  that  for  the  Au  4f  region,  and 
thus  fluctuations  in  the  X-ray  flux  F  introduce  an 
uncertai  nty.  I  n  our  standard  procedure,  two  sets  of  spectra 
for  theAu4f  region  wereacquired,  oneimmediately  before 
and  the  other  after  completing  the  rest  of  the  elemental 
regions.  Thetypical  differencein  intensity  between  these 
two  spectra  was  <2%  and  never  more  than  5%  (both 
positive  and  negative  changes  have  been  observed). 
Because  the  calculated  value  of  the  coverage  depends 
linearlyontheratiooftheelemental  intensityfor  N  toAu 
intensity  (eqs  4  and  5),  the  above  flux  fluctuations 
contribute  linearly  to  the  overall  uncertainty. 

Thethi  ckness  of  D  N  A  f  i  I  ms  was  determi  ned  from  rati  os 
of  absolute  Au  intensities  (eq  1).  When  the  intensities  of 
A  u  pea  ks  were  com  pa  red  f  or  t  h  e  D  N  A-covered  andfreshly 
cleaned  gold  samples,  variation  of  all  three  parameters  in 
the  {FA  AQ}  group  contributed  to  uncertainty.  For 
practical  reasons,  the  clean  reference  samples  were 
typically  measured  at  the  end  of  a  run  (in  previous 
calibration  studies,  such  reference  samples  were  periodi¬ 
cally  measured  throughout  several  hours).  The  relevant 
ti  mescal  efor  theX-ray  f  I  ux  (F )  vari  abi  I  i  ty  was  then  I  onger 
for  thethickness  measurements,  resultinginan  increased 
uncertainty  of  «5%.  The  maximum  count  rate  was  used 
to  define  the  measurement  position  for  each  sample.  The 
variability  in  geometric  factors  A  and  AQ  for  this 
positioning  procedure  has  been  previously  considered  in 
systematic  studies47-49  and  isestimated  tobeabout  10%. 
Our  operational  mode  of  the  XPS  spectrometer  included 
use  of  a  magnetic  lens,  which  tendsto  reducethevariabi  I  ity 
intheeffectivecol  lection  sol  id  angle  (AQ)  caused  by  small 
changes  in  sample  position  and  orientation.  I  n  addition, 
the  positioning  uncertainty  is  decreased  since  we  use  an 
X-ray  monochromator.  Because  both  the  incident  X-ray 
beam  and  the  photoelectron  trajectories  are  focused,  the 
optimal  measurement  position  iswell-defined.49TheDNA 


(46)  Cohen  Stuart,  M .  A.;  Hoogendam,  C.  W.;  de Keizer,  A.}  .  Phys.\ 
Condens.  Matter  1997,  9,  7767-7783. 

(47)  Powell,  C.J  .;  Seah,  M.  P.J  .  Vac.  Sci.  Techno!.,  A  1990,  8,  735- 
763. 

(48)  Cumpson,  P.J  .J  .  Electron  Spectrosc.  Rel  at.  Phenom.  1995,  73, 
25-52. 

(49)  Seah,  M.  P.;  Gilmore,  I.  S.;  Spencer,  S.J  .  Surf.  Interface  Anal. 
1998,  26,  617-641. 
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layer  thickness  (t)  depends  on  these  ratios  of  absolute  Au 
intensities  logarithmically  (eq  1).  Notethat  the  resulting 
uncertainty  in  t  from  these  effects  is  typically  less  than 
the  scatter  in  the  values  of  t  obtained  from  the  different 
Au  peaks  and  from  measurements  in  multiplespots  on  a 
sample. 

Another  source  of  uncertainty  in  the  thickness  meas¬ 
urements  is  the  rather  large  effective  acceptance  cone  of 
the  magneti  c  I  ens.  The  acceptance  angl  e  i  s  ±4°  al  ong  the 
energy  dispersive  direction  and  ±30°  along  the  nondis- 
persivedirection.Thecollected  signal  then  does  not  strictly 
correspond  to  normal  emission.  Explicitly  accounting  for 
the resu Iti  ng  distri  buti on  of  emi ssi on  angl es  wou Id  requ i re 
sophisticated  model  ing  becausea  cosi  neof  each  off-normal 
angle  must  be  introduced  in  eqs  1,  2,  and  4.  However, 
even  for  the  larger  of  the  two  acceptance  angles,  the 
average  val  ueof  thecosi  nefactor  is  «0.95;  thus,  i  ncl  udi  ng 
theangular  distributions  would  notchangethecalculated 
thickness  values  by  more  than  «5%.  The  additional 
systemat  i  c  u  ncerta  intyintrelatedto  t  he  accepta  n  ce  con  e 
then  does  not  change  our  overal  I  estimate  discussed  above. 

Totest  the  val  ues  df  the  analyzer  transmission  function 
(T)  provi  ded  by  the  manufactu  rer,  the  rel  ati  ve  i  ntensi  ti  es 
of  Au  4f,  4d,  and  4p  peaks  were  compared  for  a  freshly 
sputter-cleaned  gold  substrate.  Like  the  measurements 
of  relative  intensities  described  above  for  the  other 
elements,  the  intensity  of  each  of  the  Au  peaks  is  given 
byeq3,andthegeometricfactorscancel  out  when  intensity 
rati  os  a  re  considered.  When  theappropriatevaluesofthe 
transmission  function,  Scofield  sensitivity  factors,43  and 
calculated  QEALs  are  used  to  normalize  the  Au  peak 
intensity  ratios,  they  are  reduced  to  ratios  of  the  atomic 
density  of  gold,  ideally  =1.  The  experimental  intensities 
of  thethree peaks  normalized  in  this  manner  arewithin 
6%of  unity,  a  satisfactory  result  given  theuncertai  nty  in 
theAu  4d  and  4p  peak  intensities  caused  by  the  inelastic 
backgrou nd su bt ract i on  during fitting.QEALvalues were 
used  in  place  of  I MFP  in  eq  3,  as  suggested  in  ref  39,  and 
they  were  determined  from  the  "recommended  I  MFP 
values"40  for  Au.  The  Au  4f,  4d,  and  4p  peaks  span  the 
energy  range  that  contains  all  the  elemental  peaks  for 
major  elements  in  DNA,  so  the  above  normalization 
procedure  is  an  effective  test  of  theanalyzer  transmission 
function  factors  used  in  our  analysis. 

DNA  Film  Parameters.TheSRD-82softwarerequi  res 
a  number  of  parameters  to  adequately  specify  the  film 
propertiesfortheEAL  calculations.40  As  suggested  bythe 
software  developers,  we  chose  the  predictive  TPP-2M 
formula50todeterminethel  MFPsfortheorganicfilms  in 
our  study.  The  following  parameters  are  included  in  the 
TPP-2M  formula  implemented  in  the  SRD-82  software: 
40,30  film  elemental  composition,  number  of  valence 
el  ect  rons  per  mol  ecu  I  e,  ba  n  d-ga  p  en  ergy ,  a  nd  f  i  I  m  den  si  ty . 
Bel  ow  we  di  scuss  the  val  ues  for  al  I  these  parameters  that 
we  found  appropriatefor  the  DNA  films  in  our  study.  The 
most  important  conclusion  of  the  following  discussion  is 
that,  for  any  self-consistent  set  of  parameters,  small 
differences  between  the  assumed  and  "true"  values  for  a 
particular  film  have  little  effect  on  the  calculated  values 
of  the  coverage  (eqs  4,  5,  and  7).  In  terms  of  the 
measurement  uncertainty,  this  means  that  random 
contributions  such  as  changes  in  film  stoichiometry  or 
inaccurate  values  of  the  band-gap  do  not  contribute 
appreciably  tothe  uncertainty  of  thecalculated  coverage. 
The  main  contribution  to  the  uncertainty  from  theDNA 
film  parameters  arises  from  a  systematic  uncertainty  of 


(50)  Tanuma,  S.;  Powell,  C.J  Penn,  D.  R.  Surf.  I nterfaceAnal .  1994, 
21.  165-176. 


Table  7.  Self-Consistent  Values  of  the  DNA  Film  Density 
(<°dna)  and  Thickness  (feoo)  for  the  1200  min  Sample 
Calculated  for  a  Range  of  Assumed  Band-Gap 


Energies  (Eg) 

E  g 
(eV) 

PDNA 

(g/cm3) 

tl200 

(nm) 

Eg 

(eV) 

Pdna 

(g/cm3) 

tl200 

(nm) 

4.0 

0.925 

5.12 

6.0 

0.845 

5.62 

4.6 

0.900 

5.24 

8.0 

0.720 

6.55 

4.8 

0.893 

5.29 

10.0 

0.570 

8.34 

5.0 

0.885 

5.34 

the  EAL  calculations,  which  has  been  estimated  to  be 

about  15-20%bytheauthorsoftheTPP-2M  formula.40,50 
This  estimate  includes  two  separate  contributions:  the 
uncertainty  of  IMFPs  calculated  using  the  TPP-2M 
for  mul  a40, 50  and  the  validity  of  thealgorithm  used  for  EAL 
calculations.51 

TheDNA  film  composition  was  entered  into  the  SRD- 
82  software  assuming  the  ideal  stoichiometry  of  the  dT 
nucleotide  (Figure  1).  The  data  in  Table  5  suggest  that 
this  assumption  is  approximately  correct  for  the  thicker 
films  in  the  series.  Because  of  the  similarity  in  atomic 
number  and  number  of  electrons  between  the  dominant 
elements  in  these  organic  films,  even  if  the  relatively  C- 
and  O-rich  stoichiometry  we  observe  is  input  in  the 
software,  the  resulting  EAL  values  change  at  most  by  a 
few  percent.  We  chose  to  keep  as  many  parameters  as 
possible  fixed  throughout  our  data  analysis,  and  we 
therefore  assumed  the  ideal  stoichiometry  values  in  all 
cases.  Thenumberofvalenceelectronsper  molecule  is  also 
determined  based  on  the  assumed  ideal  stoichiometry, 
fol  lowi  ng  theformula  suggested  for  theSRD-82  software.40 

DNA  was  one  of  the  14  organic  compounds  in  the  data 
set  used  to  derive  the  TPP-2M  predictive  formula  for 
IMFPs.50  The  val  ues  of  the  band-gap  energy  (Eg)  and  film 
density  (pdna)  used  for  DNA  in  this  original  derivation 
were  obtained  from  an  early  UV-transmission  study.52 
However,  in  that  UV  study  a  thick,  dried,  self-supported 
f i  I  m  composed  of  I  ong  fragments  of  dou  bl  e-stranded  DNA 
(dsDNA)  was  measured,52  so  the  £g  and  pDNA  values 
obtai  ned  may  not  beappl  icabletothesurface-i  mmobi  I  ized 
f  i  I  ms  of  short  (25  bases)  ssD  N  A  pi  eces  i  n  ou  r  exper i  ments. 

Fortunately,  £g  and  pDNA  are  not  independent  param¬ 
eters  in  our  analysis  procedure.  For  a  given  value  of  Eg, 
an  initial  estimate  of  pdna  can  be  used  to  carry  out  the 
analysis  and  determine  a  film  density  from  the  data  and 
eq  4.  We  then  use  this  new  value  of  pdna  to  repeat  the 
analysis  until  thevalueofpDNAconvergesself-consistently. 
Several  such  self-consistent  values  of  pDNA  are  listed  in 
Table  7. 

The  band-gap  energy  remains  as  the  only  relevant 
property  of  the  ssDNA  film  that  is  not  well-defined.  Of 
course,  one  typically  associates  molecular  orbitals,  not 
band  structure,  with  molecular  species  such  as  DNA.  For 
sol  i  d  state  materi  al  s,  the  band-gap  i  s  typi  cal  I  y  determi  ned 
from  electrical  transport  or  optical  absorption  properties. 
Although  there  has  been  considerable  interest  in  the 
transport  properties  of  DNA,53-55  to  our  knowledge  there 
have  been  no  transport  measurements  or  calculations 
appropriatefor  use  in  understanding  inelastic  electron 
scattering  in  DNA  films. 

For  a  material  with  a  band-gap,  both  the  electron 
inelastic  scattering  probability  and  the  UV  absorption 


(51)  J  ablonski,  A.;  Powell,  C.J  .  Surf.  Sci.  2002,  520,  78-96. 

(52)  I  nagaki,  T Hamm,  R.  N.;  Arakawa,  E.  T.;  Painter,  L.  R.  J  . 
Chun.  Phys.  1974,  61,  4246-4250. 

(53)  Iguchi,  K .]  .  Phys.  Soc.  J  pn.  2001,  70,  593-597, 

(54)  Ye,  Y.J  .;  J  iang,  Y.  Int.J  .  Quantum  Chan.  2000,  78,  112-130. 

(55)  Ye,  Y.  J  .;  Chen,  R.  S.;  Martinez,  A.;  Otto,  P Ladik,  J  .  Physica 
B  2000,  279,  246-252. 
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Table  8.  Invariant  Ratios  of  the  Calculated  PEALs  and 
QEALs  to  Film  Thickness  (ti2oo)  for  Two  Extreme  Values 
of  the  Band-Gap  Energy  (Eg) 


Eg  =  10  eV,  Eg  =  4  eV, 

Pdna  =  0.570  g/cm3  pdna  =  0.925  g/cm3 


peak 

PEAL  in  DNA 
film L  (nm) 

t/tl200 

Lit  1200 

PEAL  in  DNA 
film L  (nm) 

C  Is 

5.340 

0.643 

0.644 

3.283 

O  Is 

4.400 

0.530 

0.531 

2.709 

N  Is 

4.903 

0.591 

0.592 

3.017 

P  2p3/2 

5.916 

0.713 

0.713 

3.634 

Au  4f7/2 

6.085 

0.733 

0.733 

3.737 

Eg  =  10  eV, 

Eg 

=  4eV, 

Pdna  =  0.570  g/cm3 

PDNA  — 

0.925  g/cm3 

QEAL  in  DNA 

QEAL  in  DNA 

peak 

film  LQ  (nm) 

L  °/tl200 

L  Q/tl200 

filmLQ  (nm) 

C  Is 

5.559 

0.670 

0.670 

3.417 

O  Is 

4.621 

0.557 

0.558 

2.845 

N  Is 

5.124 

0.617 

0.618 

3.152 

P  2p3/2 

6.086 

0.733 

0.733 

3.738 

haveessentiallythesamethreshold  energy,  because  both 
are  proportional  to  the  imaginary  part  of  the  dielectric 
constant.  Thus,  weconsi  der  the  thresh  old  i  n  U  V  absorpti  on 
observed  for  dsDN  A  and  ssDN  A  i  n  sol  ution  and  on  surfaces 
to  be  the  most  appropriate  experimental  estimate  of  the 
band-gap.  Typically,  DNA  in  solution  is  characterized  by 
measuring  the  UV  absorption  peek  (usually  at  260nm).56 
Thepositionoftheabsorption  peakvariesslightly  between 
the  nucleotides  in  sol  ution56  (dA,  250nm;dC,  271  nm;  dG, 
250  nm;  dT,  267  nm)  and  homo-oligonucleotides  on 
surfaces57  [(dA)20, 272  nm;  (dC)20, 255  nm;  (dG)20, 255  nm; 
(dT)20,  262  nm].  We  use£g  =  4.8  eV,  which  corresponds 
totheaveragevaluefortheUV absorption  peak (258 nm). 
NotethattheUV  absorption  threshold  is  typically  about 
0.5  eV  below  the  peak,  so  the  peak  energy  is  an  upper 
I  i  mit  for  theactual  band-gap.  Theself-consistent  value  of 
thefi  I m  density  using  4.8  eV  is  0.893  g/cm3  (Table7).  Also 
note  that  neither  the  EAL  nor  the  film  density  change 
dramatically  for  values  of  Eg  between  4  and  5  eV  (Table 
7). 

Invariant  EAL  Ratios.  The  physical  model  behind 
the  TPP-2M  predictive  formula50  is  very  robust  with 
respect  to  the  choice  of  film  parameters.  As  explained 
above,  the  only  independent  parameter  in  our  analysis 
procedure  is  the  band-gap  energy.  To  i  1 1  ustratethe  effect 
of  this  parameter,  EALs  in  the  DNA  film  for  all  five 
elements  analyzed  here  have  been  calculated  for  two 
extreme  values  of  Eg,  4  and  lOeV  (Table8).  Theapparent 
film  photoelectron  thicknesses  calculated  based  on  the 
t  wo  resu  1 1  i  n  g  E  A  L  s  f  or  A  u  4f  a  re  of  cou  rse  d  i  ff  eren  t  (Table 
7).  However,  the  ratios  of  EALs  to  the  respective  film 
thicknesses  areessenti  ally  identical,  as  listed  in  Table  8. 
This  invariance  is  to  be  expected  for  the  Au  4f  EALs  by 
construction  (eq  1),  but  for  the  rest  of  the  peaks  it  only 
happens  because  of  the  nearly-l inear  IMFP  dependence 
on  theKE  (in  the  energy  range  of  interest)  in  the  model 
that  produced  theTPP-2M  equation.50 

The  importance  of  this  observation  for  our  analysis  is 
that  any  val  uethat  depends  onl  y  on  therat/osof  cal  cul  ated 
EALs  to  the  respective  film  thickness  (L/t)  is  essentially 
independent  of  the  particular  self-consistent  values  of  Eg 
and  pdna  used  todescribethefilm.  In  other  words,  any  of 
the  Eg  and  p  combinations  from  Table  7  will  yield  the 
same  DNA  coverage.  I  n  fact,  even  values  of  Eg  and  pdna 


(56)  Sober,  H .  A.,  Ed.  CRC  Handbook  of  Biochemistry.  Selected  Data 
for  Molecular  Biology  Chemical  Rubber  Co.:  Cleveland,  1968. 

(57)  Thomas,  C.  W. ;  Saprigin,  A.  V.;  Spector,  M.  S.  Personal 
communication. 


that  are  not  self-consistent  (e.g„  Eg  =  4eV  and  pdna  =  1-3 
g/cm3  after  ref  52)  yield  similar  coverages.  Therefore, 
changes  in  thefilm  volume  density  or  elemental  stoichi¬ 
ometry  as  large  as  50%  do  not  change  the  quantitative 
results  of  interest  by  more  than  a  few  percent,  including 
the  relative  concentrations  of  the  elements  and  the  DNA 
coverage.  Furthermore,  wecan  neglect  potential  variations 
of  thefilm  density  and  stoichiometry  with  coverage  and 
analyze  all  films  using  parameters  determined  from  the 
thickest,  most  bulklike  film. 

I  ncontrasttotherelativeelemental  concentrations  and 
DNA  coverage,  thecalculated  valueof  the  film  thickness 
can  depend  strongly  on  the  parameters  assumed  for  the 
DNA  film  (Table7).  Thus,  the  values  of  t  listed  in  Table 
3  should  be  considered  approximate,  only  as  reliable  as 
ourchoiceoftheempirical  model  parameters  (Eg and  pdna 
in  particular).  As  discussed  in  the  previous  section,  we 
made  an  effort  to  choose  the  most  appropri  ate  val  ues  of 
Eg  and  pdna-  These  values  are  similar  to  those  from  the 
early  UV  study,52  which  weresubsequentlyused  toderive 
theTPP-2M  equation50and  a  recently  proposed  alternative 
method58 for  esti  mati  ng  I M  F  Ps  for  polymers.  As  a  result, 
theEAL  and  film  thickness  val  ues  inTable3areconsistent 
with  the  predictions  for  DNA  from  those  two  methods.50'58 
Note  that  within  the  most  likely  range  of  the  effective 
band-gap  energy  values  for  a  DNA  film  (4-5  eV),  the 
variation  of  calculated  filmthickness  values  isonlyabout 
4%  (Ta bl  e  7) .  To  su  mma  r  i  ze,  t h e  va I  ues  of  f  i  I  m  pa ra  meters 
and  thickness  in  Tables  3-5  can  be  treated  as  a  reliable, 
self-consistent  set  for  usewith  theXPS  analysis  presented 
here;  however,  their  correspondence  to  the  actual  proper- 
tiesof  ssDNAfilms  under  UH  V  conditions  is  less  certain. 

Testing  the  Simple  Exponential  Attenuation  As¬ 
sumption.  One  of  the  most  important  factors  in  our 
method  for  quantitativeXPS  analysis  of  DNA  films  is  an 
accurateaccountingof  thesignal  attenuation  intheDNA 
film,  a  factor  briefly  addressed  in  DNA  Film  Thickness 
section.  Here  we  offer  several  additional  consistency  checks 
along  with  a  comparison  with  FTIR  spectroscopy  results 
to  further  validate  our  analysis  method. 

Two  much  simpler  methods  than  ours  are  often  used 
for  qualitative  evaluation  of  thefilm  coverage  based  on 
XPS  data,  the  overlayer/substrate  signal  ratio  and  the 
absolute  overlayer  signal  intensity.  The  apparent  im¬ 
mobilization  kinetics  that  is  inferred  from  these  two 
methods  is  shown  in  Figure  5b.  Both  of  these  methods 
give  results  that  are  notably  different  from  the  linear- 
in-log-time  dependence  produced  by  the  overlayer/ 
substrate  model  (Figure  5a).  Measuring  the  ratio  of  the 
N  Is  to  the  Au  4f7/2  peak  intensities  overestimates  the 
coverage  for  thick  fi  I  ms  becausetheAu  signal  is  attenuated 
more  strongly  than  the  N.  Conversely,  the  absolute 
intensity  of  the  N  Is  signal  underestimates  the  coverage 
for  thick  films  because  there  is  some  attenuation  of  the 
N  signal.  The  contrast  between  the  results  in  panels  a 
and  b  of  Figure  5  clearly  demonstrates  that  signal 
attenuation  in  thefilm  is  significant  for  photoelectrons 
from  both  the  substrate  and  the  overlayer  and  that  both 
effects  must  be  properly  included  in  the  analysis. 

I  deal  ly,  onewould  I  ikea  di  red  measurement  of  i  ntensity 
versus  fi  I  m  thickness  todeterminethefundional  depend- 
enceofthesignal  attenuation.  For  example,  in  alkanethiol 
self-assembled  monolayers  (SAMs)  an  exponential  at¬ 
tenuation  of  the  substrate  photoeledron  signal  has  been 
di  redly  observed  by  varying  the  number  of  carbon  atoms 
i  n  thechai  n  tosystemati  cal  I  y  vary  thefi  I  m  thi  ckness.17'59'60 


(58)  Cumpson,  P.  J  .  Surf.  I nterface Anal .  2001,  31,  23-34. 

(59)  Lamont,  C.  L.  A.;  Wilkes,  J  .  Langmuir  1999,  15,  2037-2042. 
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Figure6.  Empirical  check  of  theexponential  attenuation  model 
(eqll).  For  each  samplein  the  1/(M  (dT)25-SH  immobilization 
series,  a  data  point  on  this  plot  is  defined  by  two  ratios  of 
experimental  peak  intensities:  P  2p/Au  4f  7/2  (XP,  x-axis),  and 
Au  4f  7/2  with  and  without  the  DNA  film  (RA u,  y-axis).  A  fit  to 
thesimplefunctional  form  of  eq  11  is  shown,  with  the  best  fit 
achieved  with  112. 5XP,  vs  112XP  as  predicted  for  eq  11. 


Thereis  no  comparably  simple  parameter  related  tofilm 
thickness  for  DNA  [e.g.,  onecannot  assume  that  a  (dT)25 
film  is  5  times  thicker  than  one  of  (dT)5], 

Thesmall  differences  the KE  of  P  2pand  Au  4f  photo¬ 
electrons  (»*50  eV)  suggests  one  approach  to  measuring 
the  signal  attenuation  in  our  films.  For  these  photoelec¬ 
trons,  eq  4  can  be  rewritten  as 

I  p  _  TP  opLp  NP  1  —  exp[— t/Lp] 

/Au  TAu(7Au/-2u/VAu  exp[-t/LAu] 


or 


oPL  P 


A/p  1  -  exP 


'  Au 


aAuZ-  Au 


Q  N 


Au 


exp 


(9) 


whereweassumeTp  «  TAu  =  T  and  L  p  ^  /-au  —  L  because 
of  the  approximately  equal  electron  energies.  Equation  9 
can  be  further  simplified,  by  using  the  numerical  values 
of  oP/oAu  =  1.192/9.58  (tabulated  values)43  and  Lp/LAu  = 
3.86/1.745  (Table  4).  If  we  introduce  the  notation  XP  = 
/ p// au  for  the  experimental  P/Au  intensity  ratio  and  fiAu 
=  I  Au//  Au  =  exp(-f/L)for  theattenuation  of  theAu  signal 
(see  eq  1),  we  obtain 


A/p  1  -  fiAu 

XP^0.28^  p  (10) 

The  P/Au  relative  atomic  density  is  approximately  inde¬ 
pendent  of  thethickness  of  the  DNA  film  with  an  average 
experimental  value /VP//VAu  =  0.032  (Tables  5  and  6),  so 
theAu  attenuation  factor  can  be  approximated  as 


Au  ~  1  +  112XP  v  ; 

Because  RAu  and  XP  are  both  just  ratios  of  measured 
peak  intensities,  the  functional  dependence  between  the 
two  can  be  determined  without  any  assumptions  about 
the  coverage  or  film  structure  (Figure  6).  Equation  11 
may  be  the  closest  to  a  parameter-free  representation  of 
the  si  gnal  atten  uat  i  on  ava  i  I  abl  efor  t  h  i  s  system.  As  shown 


(60)  Laibinis,  P.  E.;  Bain,  C.  D.;  Whitesides,  G.  M./  .  Phys.  Chem. 
1991,  95,  7017-7021. 


F  igure7.  E  vol  uti on  of  FTI R  absorption  spectra  with  i ncreasi  ng 
immobilization  time  for  1/tM  (dT)25-SH  in  1  M  K2HP04-TE 
buffer.  The  peak  at  1714  crrr1  corresponds  to  carbonyl  groups 
in  free  thymine  rings  (and  i  s  specific  to  dT  nucleotides).  Peaks 
in  the  1550-1600  crrr1  region  are  attributed  to  chemisorbed 
thymine. 

in  Figure  6,  the  results  are  well  described  by  eq  11, 
providing  additional  evidencethatthesimpleexponential 
attenuation  model  isvalidfor  DNAfilmson  Au.  Notethat 
eq  11  should  be  generally  applicable  for  approximate 
interpolation  and  extrapolation  of  XPS  data  for  samples 
with  similar  films. 

Perhaps  the  most  convincing  way  to  validate  our  XPS 
analysis  methodology  is  to  directly  compare  the  results 
with  coverages  determined  independently  by  a  different 
method.  We  have  complementary  FTIR  data  (Figure  7) 
for  these  DNA  films  where  signal  attenuation  is  not  a 
factor  in  the  coverage  determination  because  absolute 
values  of  absorbance  are  <1  x  10-3.  The  two  carbonyl 
bonds  of  the  thymine  ring  (Figure  1)  produce  a  strong 
stand-alone  peak  at  1714  orr1  in  the  FTIR  spectra.8'61 1  n 
general,  coverage  determination  by  integration  of  FTIR 
absorbance  peaks  is  not  reliable  because  of  the  possible 
orientation  effects  in  the  FTIR  signal.  However,  if  the 
film  is  thick  and  disordered  or  if  the  ordering  and  the 
dynami  c  di  pol  e  moments  do  not  changeth  roughout  a  ser  i  es 
of  samples,  FTI  R  can  be  used  for  quantitative  coverage 
measurements.  Becausethepeakat  1714  cm-1  in  theFTI  R 
data  corresponds  to  free  thymine  rings,8  in  a  comparison 
with  XPS  data  thechemisor bed  components  (thetwo  lower 
BE  N  Is  components  in  Figure  2)  must  be  excluded  from 
thecoverageanalysis.  F  igure8  shows  a  comparison  of  the 
DNA  coverage  determined  by  FTI  R  (integrated  peak  area 
between  1615  and  1800  cm-1,  F  i  gure  7)  and  from  the  mai  n 
N  Is  component62  of  theXPS  spectra  (400.5-401.0  eV  BE 
in  Figure2).  Thereisan  al  most  perfect  I  i  near  cor  rel  ati  on 
between  the  two  measurements.  Given  the  completely 
different  physics  of  the  two  techniques,  the  correlation 
provides  strong  support  for  the  validity  of  two  important 
assumptions:  thattheaverageorientation of thethymine 
rings  in  the  film  does  not  change  (so  the  intensity  of  the 
carbonyl  stretch  in  FTIR  is  proportional  to  coverage)  and 
that  the  simple  overlayer-substrate  model  is  generally 
appropriate  for  theXPS  analysis. 


(61)  Haiss,  W.:  Roelfs,  B.;  Port,  S.  N.;  Bunge,  E.;  Baumgartel,  H.; 
Nichols,  R.  J  .]  .  Electroanal.  Chav.  1998,  454,  107-113. 

(62)  For  example,  for  the  1  min  sample  the  relative  coverage  from 
total  N  Is i ntensity  is 0.086/0.313  =  0.27  (T abl e6,  F igure5). The i ntensity 
of  the  main  N  Is  components  is  0.95  and  0.71  of  the  total  for  the  1200 
and  1  min  samples,  respectively  (Table  1);  thus  the  relative  coverage 
based  on  the  main  N  Is  component  only  becomes  0.27  x  0.71/0.95  = 
0.20  as  shown  in  Figure  8. 
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Figure  8.  Comparison  of  the  (dT)25-SH  ssDNA  coverage 
calculated  from  XPS  and  FTIR  data  (normalized  to  the 
respective  maxima).  Only  the  peaks  associated  with  nonchemi- 
sorbed  thymi  neare  i  ncl  uded  [i  .e,  N  Is  between  400.5  and  401.0 
eV  (Figure  2)  and  r(C=0)  at  1714  crrr1  (Figure  7)]  in  the 
calculations.  The  linear  fit  (solid  line)  demonstrates  a  nearly 
perfect  I  i  near  correl  ati  on  between  thecoverageval  ues  obtai  ned 
from  the  two  techniques. 


Binding  Energy  (eV) 

Figure  9.  XPS  spectra  for  the  S  2p  region  for  samples  after 
30  and  1200  min  of  immobilization  (1  /<M  (dT)25-SH  in  1  M 
K2HP04-TE  buffer).  The30  min  sample  (gray  circles  and  line) 
exhibited  the  strongest  S  2p  signal  in  the  series.  A  tentative 
fit  shown  by  the  thick  solid  line  (dashed  line  background) 
indicatesa  162 eV  BE  for theS  2p3/2 component.  Boththesignal 
and  si  gnal  -to-noi  seare  reduced  for  the  1200  mi  n  sampl  e  (bl  ack 
squaresandline).  Notethatpeaksinthel63-164eV  BE  region, 
characteristic  of  unbound  thiols,  are  not  observed  for  either 
sample. 

Sulfur  Signal:  Thiol-Gold  Bonding  and  Coverage. 

For  the  thiol-modified  ssDNA  probes  used  in  our  experi¬ 
ment,  the  sulfur  signal  in  XPS  is  of  interest  because  it 
provides  information  about  the  degree  to  which  the  DNA 
is  covalently  immobilized  versus  nonspecifically  ad¬ 
sorbed. 32TheS  2p  signal,  however,  is  extremely  difficult 
to  observe  for  these  (dT)25-SH  fi  I  ms  because  of  the  very 
low  relative  concentration  of  S  (the  ideal  S/P  ratio  is  1/25) 
and  the  strong  attenuation  by  the  DNA  film.  In  fact,  the 
extremely  weak  S  signal  intrinsically  suggests  that  S 
atoms  are  located  at  the  DN  A/Au  interface,  as  expected. 
The  cleanest  S  2p  spectrum  was  observed  for  the  sample 
after the30 min  immobilization  (Figure9).  Afit  indicates 
theS  2p3/2  peak  position  to  beat  a  BE  of  162  eV.  This  BE 
is  in  excellent  agreement  with  values  attributed  to  a 
thiolateS-Au  bond  in  alkanethiol  SAMs.18-21  Notably, 
there  is  no  intensity  in  the  163-164  eV  BE  range  that  is 
typical  for  a  S  2p  doublet  of  unbound  thiol  groups.18-22 
These  two  observat  i  ons  strongl  y  suggest  that  a  si  ngl  e  I  ayer 
of  the  (dT)25-SH  molecules  is  chemisorbed  via  a  thiol- 


gold  bond  at  the  surface.  I  n  addition,  (dT)25-SH  molecules 
in  a  multilayer  (i.e.,  a  physisorbed)  film  would  producea 
significant  unbound  thiol  signal  that  would  increase  for 
high-coverage  films,  an  effect  not  observed. 

Because  the  sulfur  atoms  are  bound  to  the  Au  at  the 
bottom  of  the  DNA  fi  I  m,  theS  2p/Au  4f  i  ntensity  ratio  can 
be  used  directly  to  estimate  the  S  coverage  (any  attenu¬ 
ation  should  be  essentially  the  same  for  both  elements). 
F  rom  thefit  in  F  igure9,  this  ratio  is  8  x  10-4.  This  result 
can  be  compared  to  a  value  of  64  x  10  4  reported23  for  a 
full  SAM  of  octanethiol  on  Au(lll)  with  a  density  of  4.6 
x  1014  molecules/cm2,  indicating  a  S  coverage  of  (6  ±  3) 
x  1013  atoms/cm2.  Although  this  coverage  is  higher  than 
the  2. 3  x  1013  mol  ecu  I  es/cm2  DNA  coverage  ca  I  cu  I  ated  for 
this  sample  (Table  6  and  Figure  5a),  the  discrepancy  is 
not  significant  given  the  uncertainty  of  the  S  coverage 
associated  with  the  poor  signal-to-noise  in  the  S  2p 
spectrum.  In  fact,  if  S-(CH2)6OH  groups  from  disulfide- 
protected  linkers  remain  on  the  surface,  S  coverage  can 
be  up  to  twice  as  high  as  DNA  molecular  coverage.  A 
potential  additional  source  of  a  systematic  uncertainty  is 
that  the  Au  signal  from  our  polycrystalline  substrates 
wi  1 1  probably  bedifferent  from  that  of  theAu(lll)  surface 
used  in  ref  23. 

Uncertainty  Budget 

A  rigorous,  formal  analysisof  thecompleteuncertainty 
budget  for  our  characteri  zati  on  method  i  s  beyond  thescope 
of  this  paper.  However,  our  consideration  of  the  main 
contributions  to  the  uncertainty,  presented  in  Validation 
section,  indicatesthat  quantitativeanalysiscan  becarried 
out  for  this  system  with  a  high  degree  of  confidence,  as 
expected  for  XPS  applications  with  thin  bio-organic 
films.13'14'63  The  main  random  contributions  to  the  un¬ 
certainty  come  from  statistical  scatter  of  the  data  and 
from  i  nstrumental  factors,  each  esti  mated  to  be  between 
5%  and  10%.  The  uncertainty  contribution  from  param¬ 
eters  of  the  DNA  film  is  strongly  suppressed  in  derived 
relative  coverages  and  elemental  concentrations.  The 
combined  random  uncertainty  of  values  for  the  relative 
coverages  and  concentrations  is  esti  mated  to  be  between 
15%  and  20%. 

I  n  addition,  the  absolute  coverage  measurements  are 
su  bj  ect  to  a  systematic  u  ncerta  i  nty  contr  i  buted  by  the  rat  i  o 
/_2u/i-N  of  theQEALs  for  Au  4f  photoelectrons  in  Au  and 
for  N  Is  photoelectrons  intheDN  A  fi  I  m(eq  4).  Both  values 
arecalculated  using  theSRD-82  software.40  The  value  of 
l2u  is  derived  from  the  recommended  I M  F  Ps40  for  Au  4f 
electrons  in  gold,  which  have  an  uncertainty  estimated 
by  the  software  developers  to  be  ^10%. 40  We  also  note 
that  a  systematic  difference  between  the  calculated  and 
measured  values  of  theIMFP  for  Au  has  been  previously 
reported  and  attributed  to  surface  effects.64'65  The  L 2 
QEAL  for  N  Is  photoelectrons  in  the  DNA  film  had  to  be 
calculated  using  experimental  parameters  for  the  DNA 
film  (as  described  in  DNA  Film  Parameters  section).  The 
u  ncerta  i  nty  for  the  a  bsol  ute  valueofthisQEAL  isgi  ven 
by  the  software  developers  as  «s20%.40  The  contribution 
from  the  uncertainty  in  the  DNA  film  parameters  is 
somewhat  alleviated  because! 2  appears  in  a  ratiotothe 
film  thickness  (seeeq  7  and  Invariant  EAL  Rati  os  section). 
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Another  source  of  systematic  uncertainty  in  theabsolute 
coverage  values  is  the  assumptions  of  ideal  DNA  film 
stoichiometry  and  of  the  bulk  Au  density  for  vacuum- 
deposited  polycrystalline  Au  films,  both  used  to  obtain 
thecon  versi  on  factors  ineq6andTables5-7.Theprimary 
effect  of  al  I  theabovesystemati c uncertai  nti es  i s  an  overal  I 
shift  of  thecalculated  coverageval  ues  by  a  constant  factor. 
This  systemat  i  c  u  n  certa  i  n  ty  can  be  potent  i  a  1 1  y  el  i  mi  n  ated 
by  cal  ibration  of  theabsolutecoverageagainst  an  accurate 
quantitativemethodsuchas radiolabeling.  Notethatthis 
systematic  uncertainty  does  not  affect  any  functional 
dependence  that  can  be  inferred  from  the  calculated 
coverage  values  (e.g.,  versus  immobilization  time). 

Conclusions 

We  have  described  how  to  use  XPS  to  accurately 
characterize  DNA  immobilized  on  gold  substrates.  Our 
characterization  was  performed  with  i  mmobi  I  ized  (dT)25- 
SH,  a  model  film  with  properties  that  make  it  useful  for 
validating  the  applicability  of  surface  characterization 
methods  to  DNA  films.  Using  this  model  system,  we  have 
established  and  validated  a  methodology  for  quantitative 
measurements  of  the  relative  and  absolute  molecular 
coverages  of  D N  A  f i  I  ms  i  mmobi  I  i zed  on  gol  d  su rfaces.  The 
results  of  theXPS  analysis  show  excel  lent  agreement  with 
FTIR  and  radiolabeling  data  for  this  model  system  and 
other  related  systems.  We  have  thoroughly  explored  the 
DNA  film  parameters  used  for  EAL  calculations  within 
theTPP-2M  framework  and  suggested  a  self-consistent 
approach  for  their  determination  for  DNA  samples.  We 
esti  mate  the  overal  I  random  uncertainty  of  our  analysis 
method  to  be  between  15%  and  20%.  An  additional 
systematic  uncertainty  may  result  in  a  simpleshift  of  the 
calculated  absolute  cover  age  v  alues  by  a  constant  factor 
but  could  beel  i  mi  nated  by  cal  i  bration  agai  nst  an  accurate 
method  such  as  radiolabeling.  Because  our  analysis 
procedure  relies  on  a  minimal  set  of  assumptions  that  are 
typically  satisfied  for  biological  films,  this  procedure  can 
be  readily  general  ized  toother  DNA  films  (including  those 
with  diluent  thiols  or  biocompatible  polymers)  and  bio- 
molecular  films  including  proteins. 
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Appendix:  Analyzer  Binding  Energy  Calibration 

Theanalyzer  binding  energy  scalewasoriginallyset  by 
the  manufacturer  based  on  measurements  of  Au,  Ag,  and 
Cu  reference sampl  es.  To  check  for  any  changes  i  n  the  B  E 
calibration,  we  compared  the  positions  of  Au  4f7/2and  Au 
4d5/2  peaks  measured  by  this  instrument  for  Au  poly¬ 
crystalline  films  cleaned  by  Ar  ion  sputtering.  The 
comparison  included  four  Au  samples  prepared  in  thesame 
way  as  the  Au  substrates  in  this  study.  The  samples  were 
measu  red  on  f  ou  r  sepa  rate  occasi  on  s  over  a  per  i  od  of  a  bout 
a  month,  using  identical  instrument  settings. 

We  used  two  methods  to  determine  the  peak  positions 
from  the  data  for  the  above  four  sets.66'67  In  the  first 
method,  the  peak  positions  were  determined  from  pa¬ 
rameters  of  fits  to  data  using  commercial  XPS  analysis 
software.24'26  A  u  4f7/2  and  Au  4d5/2  peaks  were  fit  using  a 
convolution  of  Gaussian  and  Lorentzian  for  line  shapes 
and  Shirley  function  for  backgrounds.  F  it  parameters  have 
not  been  restricted  but  converged  toconsistent  values  for 
thefour  samples.  In  thesecond  method,  we  fit  a  Gaussian 
function  to  the  top  15%  of  a  peak  and  used  the  position 
of  the  Gaussian  to  determine  the  peak  position.67 

The  resulting  average  values  and  standard  deviations 
wereas fol  I ows.  M  ethod  1:  B  E  (Au  4f7/2)  =  (84.038  ±  0.014) 
eV,  BE(Au4d5/2)  =  (335.16  ±  0.02)  eV.  Method  2:  BE(Au 
4f7/2)  =  (84.060  ±  0.015)  eV,  BE(Au  4d5/2)  =  (335.282  ± 
0.026)  eV.  The  standard  accepted  values  are  BE(Au  4f7/2) 
=  (83.98  ±  0.02)  eV68  and  BE(Au  4d5/2)  =  335.22  eV,69 
respectively.  For  Au  4d  peaks,  the  peak  to  inelastic 
background  ratio  is  lower  than  for  Au  4f.  Method  1  takes 
the  background  into  account,  whereas  Method  2  does  not, 
which  accounts  for  the  discrepancy  between  the  two 
measured  values  for  Au  4d. 

I  ndependent  of  the  method  used,  however,  the  measured 
BEs  of  the  Au  4f7/2  and  Au  4d5/2  peaks  differ  from  the 
standard  values  by  lessthan  O.leV,  which  suggests  that 
within  the  precision  used  to  quote  the  BE  values  in  this 
work,  no  recalibration  is  necessary.  Note  that  the  value 
of  83.9  eV  reported  earl  ier8  for  the  Au  4f7/2  BE  from  this 
data  set  was  based  on  a  si  multaneous  fit  to  both  peaks  i n 
theAu  4f  doublet  and  their  background,  which  is  subject 
to  greater  uncertainty  than  the  two  above  methods;  thus 
no  readj  ustment  of  the  previ  ousl  y  reported  B  E  for  el  ements 
in  DNA  films  is  necessary.  The  most  significant  factor 
that  determines  the  uncertainty  of  the  peak  BE  reported 
herefor  the  elements  in  DNA  films  (e.g.,  Tablel)  isthus 
not  theanalyzer  energy  calibration  but  the  shifts  due  to 
extra-atomic  processes,  which  may  differ  when  different 
X-ray  sources,  acquisition  conditions,  or  film  preparation 
conditions  are  used. 
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